Electric charge correlations were studied for p+p, C+C, Si+Si, and centrality selected Pb+Pb collisions at √ s NN = 17.2 GeV with the NA49 large acceptance detector at the CERN SPS. In particular, long-range pseudorapidity correlations of oppositely charged particles were measured using the balance function method. The width of the balance function decreases with increasing system size and centrality of the reactions. This decrease could be related to an increasing delay of hadronization in central Pb+Pb collisions.
I. INTRODUCTION
Collisions of heavy ions have been used throughout the past few decades in order to investigate the possible formation of the quark-gluon plasma (QGP) [1] , through the study of a variety of characteristics [2] . At the early stage of these collisions, an extended region with large energy density may be produced, where hadronic may be replaced by quark-gluon degrees of freedom, possibly leading to a new partonic phase of matter. In the subsequent evolution, the system dilutes and cools down, hadronizes, and finally decays into free hadrons. These final state hadrons carry only indirect information about the early stage of the collision.
Numerous observables, such as particle yields and measures of correlations and fluctuations, have been proposed that could signal the possible transition from the hadronic to the partonic phase. Recent data suggest that energy densities are reached [3] in Pb+Pb collisions at 158 A GeV at the CERN SPS, for which one may expect the occurrence of the QCD phase transition. Moreover, results from the study of the energy dependence of single particle yields and spectra are at present best described by the assumption that a deconfined phase starts to be formed in the early stage of the reaction at low SPS energies [4] .
The study of correlations and fluctuations is expected to provide additional information on the reaction mechanism of high energy nuclear collisions. In particular, event-by-event charge and mean p T fluctuations have already been analyzed [5] . Another important measure of correlations, the balance function (BF), was introduced by Bass, Danielewicz, and Pratt [6] . It measures the correlation of the oppositely charged particles produced during a heavy ion collision, and its width can be related to the time of hadronization. The BF is derived from the charge correlation function that was used to study the hadronization of jets in p+p collisions at the ISR [7] and e − + e + annihilations at PETRA [8] . The first results on the BF were obtained for Au+Au collisions by the STAR collaboration at RHIC [9] .
In this paper, we study the BF in p+p, C+C, Si+Si, and centrality selected Pb+Pb collisions at a beam energy of 158 A GeV, corresponding to a center-of-mass energy of √ s NN = 17.2 GeV per nucleon pair. The data were obtained with the NA49 detector at the CERN SPS.
II. THE BALANCE FUNCTION METHOD
The motivation for studying the balance function comes from the idea that hadrons are produced locally as oppositely charged particle pairs. Particles of such a pair are separated in rapidity due to the initial momentum difference and secondary interactions with other particles.
Particles of a pair that were created earlier are separated further in rapidity because of the expected large initial momentum difference and the long lasting rescattering phase. On the other hand, oppositely charged particle pairs that were created later are correlated within a smaller interval y of the relative rapidity. Our aim is to measure the degree of this separation of the balancing charges and to find possible indications for delayed hadronization.
In this paper, the BF is used in order to examine the pseudorapidity (η) correlation of charged particles. It is defined as a difference of the correlation function of oppositely charged particles and the correlation function of like-charge particles normalized to the total number of particles. The general definition of the BF reads [6] 
where a and b could be different kinds of particles, whereas P 1 and P 2 could be intervals in pseudorapidity. For example, a could refer to all negative particles and b to all positive particles. Alternatively, P 2 could be an interval of the relative pseudorapidity η = |η b − η a | of the oppositely charged particles, whereas P 1 could be the interval of the pseudorapidity of the produced particles that is covered by the detector. In the numerator, N (b, P 2 |a, P 1 ) represents a conditional probability of observing a particle of type b in bin P 2 given the existence of a particle of type a in bin P 1 . The terms N (b, P 2 |a, P 1 ), N(a, P 2 |a, P 1 ), N(a, P 2 |b, P 1 ), and N (b, P 2 |b, P 1 ) are calculated using pairs from each event, and the resulting values are summed over all events. For example, the term N (b, P 2 |a, P 1 ) is calculated by counting all possible combinations of a positive particle in P 2 and a negative particle in P 1 in an event and summing the number of combinations over all events. The other three terms are calculated analogously. The terms N (a, P 1 ) and N (b, P 1 ) are the total number of negative and positive particles, respectively, that are within the studied pseudorapidity interval P 1 , summed over all events.
In our case, a and b are the negative and positive particles, respectively, that are within the pseudorapidity interval P 1 and have a pseudorapidity difference η. So the definition of the BF takes the following form:
The most interesting property of the BF is its width. Early stage hadronization is expected to result in a broad BF, while late stage hadronization leads to a narrower distribution [6] . The width of the BF can be characterized by the weighted average η as
where i is the bin number of the BF histogram.
III. EXPERIMENTAL SETUP
The NA49 detector [10] is a wide acceptance hadron spectrometer for the study of hadron production in collisions of hadrons or heavy ions at the CERN SPS. The main components are four large-volume time projection chambers (TPCs) (see Fig. 1 ) which are capable of detecting 80% of some 1500 charged particles created in a central Pb+Pb collision at 158 A GeV. Two chambers, the vertex TPCs (VTPC-1 and VTPC-2), are located in the magnetic field of two superconducting dipole magnets (1.5 and 1.1 T, respectively), while the other two (MTPC-L and MTPC-R) are positioned downstream of the magnets symmetrically to the beam line. The setup is supplemented by two time of flight (TOF) detector arrays and a set of calorimeters. The data presented in this paper are analyzed with a global tracking scheme [11] , which combines track segments that belong to the same physical particle but were detected in different TPCs. The NA49 TPCs allow precise measurements of particle momenta p with a resolution of σ (p)/ particles by a 2-mm-thick scintillator (S2). Both detectors are situated in front of the target. For p, C, and Si beams, interactions in the target are selected by anticoincidence of the incoming beam particle with a small scintillation counter (S4) placed on the beam line between the two vertex magnets. For p+p interactions at 158 GeV, this counter selects a (trigger) cross section of 28.5 mb out of 31.6 mb of the total inelastic cross section. For Pb-ion beams, an interaction trigger is provided by anticoincidence with a helium gas-Cherenkov counter (S3) directly behind the target. The S3 counter is used to select minimum bias collisions by requiring a reduction of the Cherenkov signal by a factor of about 6. Since the Cherenkov signal is proportional to Z 2 , this requirement ensures that the Pb projectile has interacted with a minimal constraint on the type of interaction. This setup limits the triggers on nontarget interactions to rare beam-gas collisions, the fraction of which proved to be small after cuts, even in the case of peripheral Pb+Pb collisions.
The centrality of a collision is selected (online for central Pb+Pb, Si+Si and C+C and offline for minimum bias Pb+Pb interactions) by a trigger using information from a downstream calorimeter (VCAL), which measures the energy E 0 of the projectile spectator nucleons.
IV. DATA ANALYSIS

A. Data sets
The data sets used in this analysis come from p+p, C+C, Si+Si, and Pb+Pb collisions at 158 A GeV. For Pb+Pb interactions, data with both a central (2 × 10 5 ) and minimum bias trigger (6 × 10 5 ) have been analyzed in order to study the centrality dependence of the BF. The minimum bias data were subdivided into six different centrality classes [12] according to the energy recorded by the VCAL: class Veto 1 (the most central collisions) to class Veto 6 (the most peripheral collisions). The most central Pb+Pb interactions correspond to 5% of the total geometric cross section (see Table I ). Since minimum bias data provide only a small number of central collisions, we used in addition trigger-selected central data. Finally, we analyzed three different data sets (see Table II) of Pb+Pb minimum bias events coming from two different data-taking periods (data sets 1 and 2-1996; data set 3-2000) with opposite magnetic field polarities (data sets 2 and 3-positive field polarity; data set 1-negative field polarity) in order to estimate the systematic uncertainties (also given in Table II ).
The event centrality is characterized by the mean impact parameter b and the corresponding number of wounded nucleons N W . For each bin of centrality, these quantities were determined by use of the Glauber model as implemented in the VENUS event generator [13] . In order to estimate the correlation between the energy deposited in the VCAL and Interaction/ Year Pol. b or N W minimum bias, VENUS events were processed through the GEANT detector simulation code, and the energy deposited in the VCAL was simulated. All these quantities are listed in Table I .
B. Event and track selection
In order to reduce the contamination from nontarget events and nonvertex tracks, selection criteria were imposed at both the event and the track level.
Events were selected that had a proper position of the reconstructed primary vertex. The vertex coordinate V z along the beam axis had to fulfill |V z − V z 0 | < z; the values of the central position V z 0 and the range z are shown in Table II for p+p, C+C, Si+Si, and Pb+Pb reactions, respectively. In addition, the vertex coordinates V x and V y perpendicular to the beam axis had to fulfill |V x − V x 0 | < x and |V y − V y 0 | < y; the values V x 0 , V y 0 and x, y can also been seen in Table II for all the data samples analyzed. Selection criteria at the track level were imposed in order to reduce the contamination by tracks from weak decays, secondary interactions, and other sources of nonvertex tracks. Thus, an accepted track had to have an extrapolated distance of closest approach d x and d y of the particle at the vertex plane within the range |d x | < 2.0 cm and |d y | < 1.0 cm. In addition, the potential number of points in the detector for the selected tracks had to be more than 30. To suppress double counting due to track splitting, the ratio of the number of reconstructed points to the potential number of points was required to be larger than 0.5.
The NA49 detectors provide large acceptance in momentum space; however, the acceptance in the azimuthal angle φ is not complete. The boundary of the acceptance region can be described with the formula [14] p T (φ) = 1
where the values of the parameters A, B, C, and D depend on the rapidity interval and are given in Table III (as examples, Fig. 2 depicts the acceptance for two specific rapidity intervals). The inclusive pseudorapidity distribution after applying the acceptance filter can be seen in Fig. 3 .
Finally, we required tracks to additionally satisfy the following criteria: 0.005 < p T < 1.5 GeV/c and 2.6 < η < 5.0. As shown in Fig. 3 , the phase space analyzed covers most of the forward rapidity region, where the geometric acceptance is maximal.
C. Results
In this section, we present results on the BF [Eq. (2)] measured in p+p, C+C, Si+Si, and Pb+Pb at √ s NN = 17.2 GeV that were subjected to the event and track quality cuts, as well as to the phase space cuts described in the previous section.
In order to study the centrality dependence of the BF, we analyzed Pb+Pb collisions that were divided into six centrality (4)]. In the first column, the lower limit of the rapidity interval, y, is given. y is calculated in the center of mass system assuming pion mass for all particles. (Veto) classes [12] , from 1 (the most central collisions) to 6 (the most peripheral ones) (see Table I ).
The results are shown in Fig. 4 , where the BF is plotted as a function of η, the pseudorapidity difference of the charged particles. The error on each measured point is the statistical error. For visual comparisons, the distributions were fitted with a Gaussian function having a fixed mean at zero (the curves in Fig. 4 ). From inspection of Fig. 4 , as well as from the values of the weighted average η that are listed in Table IV , we notice that the width η of the BF is narrower for the most central collisions (Veto 1) than for the peripheral ones (Veto 6). It should be mentioned that for the calculation of the width [Eq. (3)], we excluded the first point of each distribution, since it has been shown [15] that this point is significantly influenced by Coulomb interactions and BoseEinstein correlations.
Furthermore, in order to extend the method to a system size study, we have analyzed C+C and Si+Si collisions at √ s NN = 17. than those of the most central Pb+Pb collisions and tend to be similar to the ones coming from the most peripheral Pb+Pb interactions (Veto 6). These observations are quantified by the corresponding values of η displayed in Table IV . The results for η are shown separately for the three different Pb+Pb data sets mentioned in Sec. IV A. The good agreement demonstrates the stability of our analysis.
In addition, we have studied p+p interactions at √ s NN = 17.2 GeV. The resulting BF distribution shown in 
V. DISCUSSION
In this section, the results presented in the previous ones are compared to models and to results from RHIC obtained by the STAR collaboration [9] .
The BF for each centrality class was calculated for mixed events that were produced by randomly choosing particles from different events with similar vertex position and multiplicity. As shown in Fig. 4 , the BF for mixed events goes to zero because of the removal of correlations caused by global charge conservation. Another method of mixing was applied to the data sample in order to estimate the maximum possible value of the width of the BF while retaining the constraint of charge conservation. This shuffling procedure [9] is a mixing method in which the value of the pseudorapidity of each track is taken randomly from the collection of pseudorapidity values of the tracks in the same event while keeping the charge of each track the same. The BF for shuffled data is broader for each centrality class than the one obtained from the real data (see Fig. 4) . The values of η for the shuffled data analysis are listed in Table V. Finally, in order to further investigate the origin of the system size and centrality dependence of the BF, we generated p+p, C+C, and Si+Si collisions, as well as centrality selected Pb+Pb interactions at √ s NN = 17.2 GeV using the HIJING event generator [16] . The model is based on the excitation of 034903-6 TABLE IV. The width of the BF for the three different data sets described in Sec. IV A and listed in Table II measurements from e + + e − annihilations. The rescattering of produced hadrons is not included in the model.
The generated data sets were analyzed with and without applying the NA49 acceptance filter. The results revealed that the acceptance filter slightly increases the width by about 4%. This suggests that this filter removes a fraction of balancing charges. The filtered distributions for Pb+Pb collisions and interactions of lighter systems are plotted in Figs. 4 and 5, respectively. The values of the widths are included in Table V . The BF for HIJING is independent of centrality and system size and is wider than the one calculated from the real data for central, midcentral, and midperipheral collisions. On the other hand, both HIJING and real data distributions tend to be similar for the most peripheral Pb+Pb collisions (Veto 6) as well as for the lighter systems.
In order to demonstrate visually the dependence of the BF's width η on the centrality class in Pb+Pb interactions, the BFs in different centrality bins were normalized to the same area and plotted on the same graph (see Fig. 7) . A significant narrowing of the BF width with increasing centrality is observed. Figure 8 shows the dependence of the width η of the BF on the mean number of wounded nucleons N W (see Table I ). The results for p+p, C+C, and Si+Si collisions are also included. The width decreases monotonically with N W . On the other hand, the width of the BF from both HIJING and shuffled data does not show any clear dependence on centrality. Table I . Once again, the strong decrease of the width with increasing centrality of the collision is obvious. The results from a similar analysis performed for Au+Au collisions at √ s NN = 130 GeV by the STAR collaboration at RHIC [9] are plotted in Fig. 10 . The width of the BF decreases from peripheral to central collisions by 17 ± 3% for the NA49 data, whereas for the higher energy STAR data the corresponding decrease is of the order of 14 ± 2%.
The narrowing of the BF compared to shuffled events is of similar magnitude in both experiments. The somewhat smaller difference between the widths for data and shuffled events for NA49 may be due to the incomplete azimuthal acceptance.
The influence of the decay of resonances on the width of the BF was estimated using the HIJING event generator. We found that the BF width increases by about 4% when ρ 0 -meson decays are switched off. In the model, the fraction of pions coming from ρ 0 decays (about 19%) is approximately independent of centrality. Therefore, the effect of ρ 0 decay cannot explain the strong system size and centrality dependence of the width of the BF that we observe in our experimental data.
The measured narrowing of the BF is qualitatively consistent with the delayed hadronization scenario [6, 9] of an initially deconfined phase. Several model calculations have been published which provide a more quantitative description [17] [18] [19] [20] . In particular, within models based on statistical hadronization and hydrodynamic expansion, the width of the BF was found to decrease with increasing transverse collective velocity of the matter at freeze-out [17] [18] [19] and thus with the collision centrality. However, a quantitative description of the STAR data was possible only when the condition of global charge conservation (a single fireball model) [18, 19] was substituted by a stronger condition of charge conservation in subvolumes (a multifireball model) [17] . The quark coalescence model was applied to the hadronization of the deconfined phase in [20] . When including radial flow, good agreement with the STAR measurements was also obtained in this model calculation. by 17 ± 3%. A similar decrease, of the order of 14 ± 2%, with centrality in Au+Au collisions was measured by STAR at √ s NN = 130 GeV. Thus, the narrowing of the BF seems to be nearly energy independent from the top SPS to RHIC energies. Events from the string-hadronic HIJING model, as well as shuffled events retaining only correlations from global charge conservation, do not show any significant decrease of the BF width with increasing system size and centrality in nucleus-nucleus collisions. On the other hand, results from central Pb+Pb reactions at top SPS, and Au+Au reactions at RHIC energies, show a narrowing of the BF which suggests a delayed hadronization of the produced matter. For a more quantitative description of the data, model calculations have to include the effect of transverse flow of the matter at freeze-out.
The energy dependence of the BF in the SPS range will be addressed in a future publication.
